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Publications presenting the analysis of aircraft and SKYLAB data (for- 
varded earlier by separate nail) were presented at the University of Michi- 
gan Remote Sensing of Environment Conference, held in Lansing, Michigan, in 
April. Tvo papers were presented; one entitled "A Remote Sensing Study of 
Pacific I. .rrlcane AVA", by D. Ross, B. A.u, V, Crown, and J. McFadden dealt 
with the comparison of satellite and aircraft measurements of surface rough- 
ness. The other, entitled "Multi-Frequency Radiometric Measurements of Foam 
and a Mono-Molecular Slick", by B. Au, J. Kenney, L. Martin, and D. Ross, 
dealt with aircraft measurements obtained during the pre-SKYLAB aircraft 
program. 


Efforts in Progress : 

A further analysis of the AVA wind and wave data obtained by the aircraft 
has been partially completed in collaboration with the University of Hamburg, 
and a paper presenting these results is in preparation. The emphasis in this 
paper is on the calculation of moeentum transfer rates from the atmosphere to 
the ocean by means of the observed wave spectra and wind speeds. Briefly, the 
momenttSD flux to the wave spectra is related to the total wave energy, the 
energy level of the higher frequency (short) waves, and the position of t^e 
peak of the energy spectrum as follows: 
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where A • Const » 4.2 

B - Const « 1.05 • 10^2 

■ Reynolds flux to the hlrh frequency waves 

-Air density 

a <■ Phillips constant as detemlncd from the observed wave spectra 
Ui 3 * Surface wind speed at 10 meters 

fffl ■ — ~ — " non'-dlmenslonal peak frequency of the wave spectrum 
E • g^E/Ujo** ■ non-dimans ional total energy of the wave spectrum 

Preliminary results of the calculation of this parameter for AVA data, 
when compared to other data at both lower and comparable (high) winds « sug- 
gest that there Is an increased level of momentum flux for higher winds at 
all fetch lengths for growing seas . Thos AVA spectra, however, obtained 
near the periphery of the storm (where observed surface %d.nds were 40 knots) 
show momentum transfer rates significantly less than one would expect for 
such high wind conditions. It is tentatively concluded that the presence of 
swell at a frequency very near the wind-wave peak frequency Is responsible 
for this result. It should also be noted that visible estimates of white- 
cap coverage were also considerably lower than would be expected, supporting 
the previous calculations. 
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One implication of these results Is that the energy level of the hlp.h 
frequency waves in the equilibrium reglqn is not a unique function of the 
surface wind, lo put it diffrrcntly, scatterin': cross sections of the ocern 
surface nay not be a unique function of the surface wind, but rather arc re- 
duced (for a given wind) in the presence of swell at frequencies nearby the 
peek frequency. The SICYLAB measurements of Hurricane AVA Included both 
underdeveloped and decaying conditions In areas of high wind. It Is not 
obvious, however, from the SKYLAB data In AVA that og measurements are partic- 
ularly sensitive to the shape characteristics of the wave spectrum. This ray 
be due to improper corrections of og for aspect angle of viewing relative to 
the surface wind direction, attenuation, improper processing of the SI^LAB 
data Itself, or the fact that the scatterlr.g cross sections saturate at wind 
speeds of 30 knots, or so. Analysis underway of AAFE RADSCAT and wave data 
obtained by the Houston aircraft program may resolve this discrepancy. 

Additional efforts currently In progress concern reprocessing the wind 
data collected by the NOAA aircraft to remove small errors In wind direc- 
tion and processing of aircraft-obtained microwave data. The final ground 
truth data package should be distributed within 30 days. Laser data from 
the Houston aircraft has recently been received for the SLA period. Unfor- 
tunately, there appears to have been a problem with the record board of the 
JSC reproduce machine which duplicated the tapes, or the board was overdriven 
with too high voltage Inputs. In either case, the tapes will have to be made 
again. 
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ABSTRACT 

Microvave radioaetrlc measurements have 
been made of both a surf~ 2 one and of an oceah 
region where small-scale roughness was sup- 
pressed by an artificial aono-aolccular slick. 
The foam ceasurenencs show near identical foam 
temperatures at o*35 and 14.5 GHz, but large 
variations at 1.4 GKz. The resultant maximum 
foam eniscivi tics at nadir range from 0.57 at 
1.4 GHz to 0.34 at 14.5 GHz. The presence of 
Che oono-nolecular slick on the ocean surface 
hai the sntne effect as a decrease in surface 
roughness. For horizontal polarisation, the 
emission decreased below chat of Che surround- 
ing ocean for all viewing angles. AC vertical 
polarization, the emission decreased bclov and 
increased above a viewing angle of approximately 
60 degrees. The change in temperature was ob- 
aerved at both 8.35 and 14.5 GHz, being barely 
detectable at 1,4 GHz. 


1. INTRODUCTION 

The dependence of the microwave brightness temperature on sea state and surface 
wind fields is under active investigation and has led to the prospect of remotely 
determining these parameters from a satellite on an all-weather basis. The useful- 
ness of sea state and wind field data (in data scarce areas) would be of immense 
value to both meteorologists and oceanographers alike. Two oceanographic effects 
thee play important roles in the dependence of the microwave signal on the sea sur- 
face are small-scale wave structure and foam. 

The dependence of the observed microwave signal on sea surface structure mani- 
fests itself thmugh the emission and reflection from dielectric media with all 
aealea of surface roughness. These include not only the relatively smooth wind wave 
and swell much larger than the observing* wave lelngtlr, *out"also the capillary and* ultr 
gravity waves present on the sea surface at low surface wind speeds. Current codeia 
of the sea surface include roughness both larger and smaller than the observing wave 
Cangth, but the effect of small-scale structure on the radiometric signal has yet cc 
be txparimentally verified. 

Foam is s potentially more useful parameter to the remote sensing of the ocean 
surface by microwave radiometry. Beyond an initial start velocity of 7 o/sec, foam 
ceverege increases with surfscs wind spesd* The exact magnitude of the sigoal 
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in^rcASC <icp€n4* a" observing frequency, areal coverage of foan In the antenna bear. 
Md prop«rtl«8. Sotli th« dapendtnee of foan coverage with wind speed and the 

radionctrie propei>tt«S of f oan 3 ra °* active research. of prir.ary interest 

i* the ihCTCAStk an '^anperature .vith frequency variation with viewing angle 

gnd polar 1 t.a t ion . 

Experiaental information about both of these phenomena has been obUpad by the 
Vaval Research Laboratorv in a series of airborne mul t i-f requency radiometer measure 
ments. In one set of observations, low altitude r.e isu r ene n t -s were -..-ie of .n surf- 
aone at a verietv of viewinq angles. In the other set, r.easure.-.er. 1 3 were .-.adc ot an 
ocean region in which the snail-scale roughness had been suppressed by an artificial 
pio-no-colecular slick. This suppression enabled cor.parison to be r.ade bef^an an 

Sur Having an scales or roi^ghness presenr One* hdvl ' J (is ^ 

5cale structure. ^ 

2. i::sTi^u::z:;TATiON* 

The neasur enen ts In these experiner.ts vere Wit- jL frccjuency, non- 

j scanning, airborne rad lore ter systen noun ted on a. nO\X C-130 aircraft. The antennas 
ill hav,j identical seven- degree be a::,:; id ths and were counted or. c hy d r au lica 1 ly c on- 
plat torn chat allowed vievinr, angles from nadir out Co 8 0 degrees Co be ob- 
tained. The antennas at K^^(l4.5Criz) and X-band(S.35GH2) were horn- fed dielectric 
lenses while the L- band (1.4 GHz) antenna was a dipole-fed eight foot diameter para- 
boloid. Periodic calibration of the radiometers was provided by noise diodes couple 
into the refercsico arn of the radiometers. Si cult an ecus dual-polarization ceasure- 
^^ents were cade at K^- and X-band, while single polarization (cither horizontal or 
vertical) was observed at L-band. Data w*ere recorded both on analog strip-chart for 
instant monitoring purposes and also on magnetic Cape for later digital processing. 
Sensitivity of the radlor.etets vj ch a one second integration tice was 0.21» 0,08 and 
0,05 *K for L, X and K^-bands respectively. 


3. SLICK MEASUREMENTS 

To determine the effect of small-scale roughness on the radiometric signal, one 
method is to suppress the small-s .ale waves in a specific area on the ocean surface. 
Although various types o' oils damp small-scale waves, for sufficient oil thickness, 
oils have a radiometric effect of their ow*n. This effect uay overwhela any change 
due to the damping of the small-scale structure. To eliminate this problem, oleyl 
alcohol was used for theexper iDent • It forms a mono-molecular .slick or. the ocean 
surface which is too thin to have a radiometric effect, yet damps out the capillary 
and ultra-gravity waves. 

The oleyl alcohol was laid by the NOAA T-boat in the Atlantic Ocean about five 
miles from Miami, Florida. A total of nine passes along the length of the slick 
was cade, with measuceaents being taken at angles fron nadir out to 80 degrees. 

Based on laser geodllite data, the significant wave height was about 2,4 meters. 
Surface winds were 8 neters/sec, sufficient to produce soce foam patches on the sea 
surface. Corresponding 35-cn photographs of the sea surface at a rate of one per 
second were used to confirn the areal extent of the slick. 

'The radiometer outputs as a function of tine for a viewing angle of zero de« 
grees are shown for horizontal pr^lar ization In Fig, 1 and vertical polarization in 
Fig, 2, The slick appears as a 2* k! decrease in antenna temperature at both X- and 
!C^*bands and for both polarizations, with no detectable effect at L-band‘, The chang 
In temperature with angle for both polarizations is summarized in Fig. 3 for K -band 
the slick decreases the observed temperature for horizontal polarization at all 
angles, but produces an increase in temperature for vertical polarization near 80 
degrees. Results obtained on 3 April 1973 u. der lighter sea stata conditions arc 
siailer » but with a slight decrease in negnitudt « The results for both days are 
euaaerised in Figs. 4 and.S, which show the teaperacure diffarenee between polar- 
izations due to the slick as a function of viewing angle. The difference between 
jPeXer izecions increeses with increasing viewing angle and shows a slightly larger 
!^ffeet at then X-band* Surface roughness thus has little influence on the 

teaperature change due to the click until large viewing angles ara obtained. 

4 . rOA.'t MEASUREMEXIS 

To investigate the radiometric properties of foam as a function of frequency 
eed pelarlzetion, it is essential that the foan be identical in each case, this 
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W*i «ceor.plIsh = d In the field ob serve : 1 on s by c.ikins no nsur enen t s sir.ultanco-esly at 
4hcec frcqucacica and at both horitor.tal and varcical polarizaLion at aX« and i^^j-band 
ny itsir.g identical seven degree bearvidchs for all antennas, different foan coverage 
Aconn bcar-s arc elicinaced and comparison can then be radc. To obtain toan 

Coverage and sufficiently thick foan, observations vere conductta parallel to a 
.one* "Tbo r.ca suf er.en 1 1 were naie from. •.ItitU.e. iS^ ntfcCfs at afigles froa r.a,*- 
)ut to 53 degrees. 

Figures 6 and 7 show the radior.eter outru: as a function of tlce for all of the 
Ttdioneters at a vievlnt ansla of ::S decrees. The -.'ide variations in signal are cue 
4o both variations in foaa properties and roar, covira^e. One can notice the cor- 
t^lation between the three frequencies and both polarisations, with only a cifferenc* 
in oagnitude. To Illustrate the response between the different frequencies. Figs. 

3 and 9 show scatter diagians of the temperature increase due to the foaa at L- and 
((-bands plotted against the increase at K^-band . The increase in all cases is the 
increase in brightness temperature above that from a specular surface. The linear 
ifelstionship between M- and K^-bands compared to the variabilic*/ at L-band indicates 
that the toan was sufficiently thick to have the sar.e response r.t the higher freq- 
uencies, but variable response at L^band . 


The results for all viewing angles are sunnarized in rig. 10, %*hich shows the 
|l|axlnur. fcan emissivity at K^^-band as a function of vic%*in^ anzie for both polari- 
;^ecions. ‘**he icsulcs at X- and L-bar.d are not shown -as the X-band values are within 
tlJ; of those at K^-band and those at L-band are similar in shape, only decreased in 
Magnitude. For comparison purposes, the empirical model as put forth by Stogryn is 
also shown for the sane conditions as the experinent. 

The maxloun value of the experiaental enissivity at nadir is 0.84, less than 
;Che theoretical ciaximun of 1.0 for a perfect enitter. The results for all of the 
frequencies are shown in Fig. 11, which shows the observed foam emissivitles as a 
function of frequency for nadir viewing angle.* The empirical model of Stogryn is 
again shown for comparison. One inportant feature is the increase in eaisslvlcy of 
foan from L- to X-band and the flatness of the curve from X- to K^-band • 

>s 

5. COMCLUSIONS 


The absence of small-scale waves on the ocean surface changes the aicrovavc 
eolssion at 8.35 and 14.5 GHz, and has a barely detectable effect at 1.4 GHz. At 
llorlzontaX polarization, the change in emission is observed as a decrease in signal 
for fill viewing angles. For vertical polarization, there is a decrease in emission 
for angles less chan 60 degrees and an increase in signal beyond. The nagnltuie of 
►he change in emission increases with increasing surface roughness, particularly for 
.vertical polarization at large viewing angles. The measurements show that the sea 
surface becomes effectively smoother when Che small-scale waves are damped, in Chat 
they have an exact opposite effect to an increase in surface roughness. Further 
experioents are required to determine whether the increase in cnission from small- 
scale roughness is independent of the underlying large-scale roughness, or whether 
smell-scale waves become important only after large-scale roughness is present. In 
any ease, it is evident that small-scale roughness is important to the emission from 
the sea surface and must be included in any theorecical model. 

The presence of foam on the sea surface is responsible for large Increases in 
■ierowave emission at all of the frequencies investigated. The emission varies with 
areal coverage and foaa properties, but is less at 1.4 CKz than at the higher freq- 
tteneiea. The veriabllicy at L-band is caused primarily by variations in foam depth, 
which ere more inportant at the longer wavelengths. The emission from the foaa is 
less than from a perfect emitter, but it is within 16X of chat value at 14.5 GHz. 

For the thick foam of this experiment, the emissivicy of foam increases gradually 
from 1.4 to 8.33 GHz, with neglible Increase from 8.35 to 14.5 CKg. In general, the 
observed foaa emissivitles disagree with the empirical aodsl of Scogrvn, being up to 
20 graattr in aagaitude than his nodal. 

For tha conditions of this axperiaant, vhara ralatlvtly thick foaa was obsarvad 
tha fraquaney depandanca oeeura batvaen L-!and X-band. Mora axpariaantal work la 
raquirad to datarmlna if this fraquaney dependence holds in general. It ia unlikely 
Chat tha aaiasivlcy of foam would have tha same frequency dependence c. magnitude fc 
Che foan patches and atraaks on tha sea surface during high wind conditions. For th 
ehlanar foam patches and streaks, tha change in cnisaivity would moat likely occur 
ec higher frequencies. 
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'FIGURE 2; ASTENNA TEMPERATURES AL'OSG SLICK. Vertical 
polarization. Frequencies - 1*4, 8.35 and 14 . 5 GHz, 
'Viewing angle - 0*, .11 April 1973. 
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FIGURE 3. ASTSNNA TZMPE 
ANGLE. Horizontal and 
GHz. 11 April 1973. 
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FIGURE 6. ANTENNA TEMPERATURES ALONG SURF-ZONE. 
Horizontal polarisation. Frequencies • 8.35 and 
14.5 GHz, Viewing angle - 28*, 6 June 1973. 
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FIGURE 10. EMISSIVITY OF FOAM VERSUS VIEWING ANGLE 
Hor izoQtal and vertical polarization, Frequency “ 
14.5 GHz, 6 June 1973. 
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riCURE 11. EMISSIVITY OF FOAM VERSUS FREQUENCY 
Viewing angle • 0*, 6 June 1973. 
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ABSTRACT 


Aircraft, SKYLAB, NOAA-2, ATS-3, and Niy^L’S-S 
recently obtained a variety of measurements of pa- 
cific Hurricane AVA. These measurements are unusu- 
ally broad in scope and include satelli.te observed 
passive microwave eznissivities at 13.9 + 19.5 GHz, 
active microwave scattering cross-sections at 13.9 
GHz, and near infrared and visible images. Essen- 
tially simultaneous aircraft measurements of wind 
speed, waves, whitecaps, 1.4 and 13-15 GHz passive 
microwave emissivities, 1.4 GHz active microwave 
images, sea surface temperatures, pressure fields, 
and aerosol size distributions were also obtained. 

A brief description of sensors and platforms is 
presented along with some in-depth details of re- 
sults obtained. These results confirm the sensi- 
tivity of microwave emissivity to foam and liquid 
water in the atmosphere. Wave measurements from 
the aircraft show significant differences in the 
shape of the energy spectrum when compared to other 
fetch-limited spectra. Whereas fetch-limited spec- 
tra are sharply peaked, the hurricane spectra re- 
Okote from the eye are broad, indicating che pre- 
sence of swell and increased energy transfer within 
the spectrum due possibly to non-linear interac- 
tions, while those n^ar the eye are sharply peaked* 


The SKYLAB RADSCAT, operating at 13.9 GHz in a 
cross-track mode, obtained microwave measurements 
of a portion of the storm in both the active and 
the passive mode. Preliminary results show that 
the scattering cross-sections increase when viewing 
the hurricane despite an expected attenuation due 
to rain* Passive measurements increase as expected 
and are in general agreement with NIMBUS-5 measure- 
ments at 19*5 GHz. 


Aircraft measurements of microwave brightness 
tesqHwratures at L band show an increase which is 
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largely due to foam and whitecaps while those at X 
and KU band are contaminated by rain. Active co- 
herent L-band radar images of swell produced by the 
hurricane were obtained enroute to the storm. These 
ixoages indicate a strong interaction takes place be- 
tween long and short gravity waves. 

Plight level wind speeds were obtained by means 
of an inertial navigation system and represent a sig- 
nificant increase in accuracy from past measurements 
'of hurricane winds. Maximum winds encountered in 
the eye wall measured 137 knots, the highest ever 
» for a Pacific hurricane, which had a record low cen- 
tral pressure of 914 mb. 

The use of extensive and coordinated satellite 
and aircraft measurements has provided an unprece- 
dented opportunity to study the dynamics of a hurri- 
cane. 


.1. INTRODUCTION 

The development and application of remote sensing techniques to the study of 
sian*s environment has increased considerably in recent years. Perhaps the greatest 
return on monies invested in this area has been in use of satellites in observing 
and predicting weather. One aspect of weather phenomena which is currently being 
studied in great detail is tropical cyclones. A tropical cyclone is an intense 
vortex of high winds and large moisture concentrations which can have a devastating 
effect on man as they pass from water to land accompanied by high wind forces , in- 
ordinately high water (surge) levels, and large amounts of rain. Because cyclones 
are generally born in remote ocean areas, they have remained a little understood 
phenomena. In recent years, however, aircraft have been used to study many aspects 
of the storms by means of a variety of in-situ measurements. More recently, satel- 
lites equipped with imaging systems have been of great utility ir. detecting the 
birth of cyclones and predicting the path they are most likely to follow during 
their lifetime. 

This paper describes a number of measurements of some unique aspects of a cy- 
clone obtained from aircraft and a variety of spacecraft and represents an unprece- 
dented opportunity to evaluate the capability of remote sensing instrumentation to 
contribute to the study of such phenomena* 

j 2. BACKGROUND 

' The NASA SKYLAB experimental satellite was the catalyst needed to gel this ex- 
periment. Intended as a meins of evaluating the Radar-Radiometer sensor packages 
aboard SKYLAB, an aircraft program was initiated to fly beneath the SKYLAB and mea- 
sure an extensive ntimber of environmental parameters which might affect the signa- 
ture of the earth viewing satellite sensors. One of the aircraft involved was a 
National Oceanic and Atmospheric Administration (NOAA) C130 Hercules normally 
aquipped to study hurricanes and other weather-oriented phenomena. For the SKYLAB 
program, a number of additional sensors were installed and are shown in Table I 
along with the parameter intended to be studied and expected accuracy. Figure 1 
shows the NOAA aircraft with passive microwave radiometers extended out the rear 
cargo C^or. 

As the NOAA SKYLAB underflight program was getting underway, the first Pacific 
Hurricane of the season was forming and was named AVA, (Figure 2). As one of the 
objectives of the SKYLAB program was to observe hurricanes, a data gathering pass 
Has planned for 6 June 1973, using the SL 193 Radar-Radiometer in the solar Inertial 
scanning mode* Unfortunately, a more extensive look at the hurricane with other 
HXYLAS sensors could not be arranged because of conflicting priorities* Indeed, the 
HASA system was literally turned iq^side down in order to schedule this limited pass. 
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3. AIRCRAFT MEASUREMENTS 

The NOAA C130 deployed to Acapulco the morning of 6 June, refueled and com* 
menced its flight into the storm at 21072, Figure 3 shows the track of the air- 
craft along with isolines of flight level (500 ft,) winds measured with a Litton 
LTM-51 inertial system using the true airspeed output from a Kollsman differential 
pressure transducer. As a result of a measurement of an extraordinarily low cen- 
tral pressure of 915 mb obtained by an Air Force Reconnaissance aircraft approxi- 
mately three hours prior to our entry into the storm, it was decided a low level 
(500 ft,) penetration into the eye would be unwise,* The portion of the track shown 
in Figure 3 from 2156 to 2315 was therefore flown at 10,000 feet. Low level (500 
ft,) measurements of wind speed and direction, wave heights, whitecap densities, 
and microwave emissivities were obtained during the period 2107-2156, and again 
from 2325 to 2356. Microwave measurements, which require the cargo door to be open 
with extended radiometers, were not taken during the latter time period because of 
.the reduced safety factor associated with high turbulence in conjunction with open 
cargo doors. 

Figure 4 is an example of laser altimeter profiles of waves in an area of 65 
Icnot flight level winds. Figure 5c shows the spectra of this segment, mapped to 
fixed coordinates, along with a spectra of high waves measured in the North Sea 
(Ross, et al,, 1970) . Also shown are spectra (Panel a, b) obtained at other regions 
within the storm plotted togethe.- with spectra of the same total energy obtained in 
the N-Sea and the North Atlantic. There are some significant differences between 
these sets of spectra. Those obtained near the eye (Fig. 5b, c) are sharply peaked 
and agree well with the N-Sea spectra which are severely fetch limited. The third 
spectrum was obtained approximatv^ly 110 nautical miles from the eye and shows con- 
siderably more low frequency energy than the North Atlantic spectrum which was es- 
sentially fully developed. In addition, this spectrum shows a reduced level of en- 
ergy on the high frequer.cy side of the peak. We attribute this difference to non- 
linear interactions between the high frequencies and swell of frequencies near the 
pealc which results in a broadening of the hurricane spectrum. Figure 6 shows the 
variation of wind speed and significant wave height with radial distance from the 
eye. The dashed line shows expected surface (20 meter) winds assuming a logarith- 
mic variation in wind between the surface and flight altitude (Cardone, 1969) . The 
significant wave height, is known to vary as the square of the wind speed for fully 
developed seas. It can be seen in this figure that this relationship does not hold 
in a hurricane because of the fetch and duration limited character of the hurricane 
wind field. 

Observations of microwave brightness temperature were obtained during the per- 
iod 2107-2147. The data at the higher microwave frequencies are strongly affected 
by the presence ^ rain as one-minute average values at vertical incidence vary in- 
consistently from 130^ to 145^, and 140° to 200° for X and KU Band respectively. 
Brightness temperature vs. incidence angle for this segment at L-Band is shown in 
Figure 7 along with data for a low wind condition obtained 11 June. It can be seen 
that there is a systematic increase in brightness temperatures of about 4°K at all 
incidence angles. Inspection of simultaneous vertical photography reveals little 
thin foam streaking presumably because of the swell content of the seaway and the 
percentage of whitecap coverage is approximately 10 percent. Based on the results 
of Au, et al. (1974) , presented elsewhere in this symposium, we attribute this in- 
crease to the whitecap (foam) coverage. Thus, a sensitivity of ,4°K/% whitecap 
coverage is obtained. 

Enroute to the storm, coherent side-looking radar operating at a frequency of 
1,35 GHz (A » 25 cm) was used to obtain surface imagery. A series of wave-like 
patterns apparent in this imagery which appears to be a combination of locally 
generated wind waves mixed with swell coming from the hurricane. This imagery, to- 
gether with a vertical photograph obtained simultaneously, was digitized and sub- 
jected to two-dimensional Fourier analysis. Figure 8 shows the optical image of 
the two-dimensional Fourier transform at the top, along with a densitometer trace 
obtained along the axis of the principal direction (lower left, and center) , Also 
shoim is a composite hindcast wave spectrum constructed by using the wave spectra 
obtained at 21472 along with a spectrum obtained in the Atlantic Ocean for a wind 
speed of approximately 22 knots. Surface winds at the time of this image were vis- 
oally estimated to be 20 knots, which was substantiated by sun glint analysis of 
ATS-3 Satellite imagery (Strong, 1973), The position of t.ie laser wave measure- 
aents and of the hurricane relative to the radar imagery is shown in the inset in 
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the upper right corner of the figure. Good agreement between the wave lengths of 
the principal wave components can be seen. That the radar is imaging the waves is 
evident; not so evident is the scattering mechanism which allows detection of waves 
longer than the backscattering Braag waves (Crombie, 1955) . It has bee-i demonstra- 
ted in several laboratory and field experiments (cf. Shemdin, et al., *1972, Mitsu- 
yesu (1971)) that presence of a swell in a wind sea will reduce the amplitude of 
the wind-wave energy peak by an amount which is dependent upon the energy and fre- 
quency separation of the swell. Longuet-Higglns (1969) describes this interaction 
which results in shorter waves peaking near the crest of the longer wave as it pass- 
es by. The long waves thus modulate the Bragg waves which, in turn, modulate the 
return of the radar energy resulting in an image of the longer waves. Since more 
than one long wave component is seen in the image, it has been suggested (Stilwell, 
1974 ) that this modulation is accomplished by interaction between all waves longer 
than the Bragg waves. The radar imagery therefore may contain useful amplitude as 
%rell as wave length and direction information if the transfer function for the for- 
mer can be established. Unfortunately, the radar power supply gave out shortly af- 
ter this segment was completed so that no imagery of the local hurricane wave field 
was obtained during the eye penetration. 

4. SATELLITE RESULTS 

Imagery and microwave data from a variety cf satellites were obtained of the 
hurricane in various stages of development. A su: nary cl satellite studies 

is shown in Table II. Figure 9 is a composite cf ; : :• .. . .-.c-ing the track of 

SKYLAB as it passed near the storm- Unf ertuna t: ly , . iv. ' aving rather 

fast, and although the SKYLAB antenna scanned to 3 1'" ir.ci donee angle, only a small 
portion of data was obtained in t.he high wind periphery of the storm. This data, 
along with NIMBUS 19.5 GHz measurements of the same portion of the storm, are shown 
in Figure 9 for the incidence angles of 45® to 52.5®. Also shown are rainfall rates 
inferred from the 19.5 GHz NIM3US-5 radiometer (Wilheit, 1974). . 

The purpose of the S 193 Radar-Radiometer is to infer surface wind fields from 
Measurements of the microwave backscatter. The passive portion of the instrument 
is intended to provide a basis for correcting the return radar cross-section (c^) 
due to attentuation by liquid water. The inference of surface wind speed is further 
complicated because the amplitude of the backscattered component is sensitive to 
the relative direction of the wind vector. Jones (1974) , from data obtained with 
an aircraft system at vertical polarization, reports a difference of about 5 db be- 
tween the upwind and cross-wind directions for a wind speed of 14 m/s and incidence 
angle of 40®, vertical polarization. The up- downwind asymmetry he observed of 1-2 
db is further evidence of short wave modulation by longer waves. Estimates of wind 
direction along the footpr nt were made as previously described and resulted in 
positive corrections of 2-4 db. A backscattered component due to rainfall is not 
accounted for in the dava which are summarized in Table III. 

It can be seen from panel a of Figure 10 that if a correction were applied to 
a® values, due to rain attentuation, that the o® for both polarizations would in- 
crease with increasing wind speed between 1857; 15 and 1858:00. Neglecting the val- 
ue at 1858:16, would then decrease at 1858:31, following the decreasing trend in 
surface wind. At the 45® incidence angle (panel b) , rainfall rates were markedly 
reduced and o® qualitatively agrees with trends in the wind speed, both 

eases, has been corrected for wind direction while no such correction^ nas been ap- 
plied to with the coherent radar images, the a® is a measure of the ener- 

gy content^^f resonant Bragg waves - near capillary, or centimeter, wavelengths in 
the case of the 5 193 radar. Phillips (1966) using dimensional arguments shows 
that the high frequency end (fi > fjn)* of the gravity wave spectrum should reach a 
Biaximum, or equilibrium, value. Increased energy transfer into this spectral re- 
gion vrould simply result in increased energy loss through wave breaking. Pierson 
end Stacy (1973) suggest three forms for the behavior of the high frequency end of 
the spectrum, including the ultra-gravity and capillary regions, which «:re wind 
speed dependent and result in increased wave energy levels for all increasing winds. 
Bssselmann, et al. (1973) , show that the Phillips equilibrium constant decreases 
with increasing fetch indicating long wave-short wave interaction is important in 
the behavior of the high frequency tail of the spectrum* 


is the* frequency at which the peak energy occurs* 





From the observations of SKYLAB measurements obtained in Hurricane AVA« it is 
tempting to attribute the observed o® variations to corresponding variations in en- 
ergy level of wind speed dependent Bragg waves. On the basis of this limited data 
set# the considerable potential for errors associated with the corrections required 
for attenuation, relative wind direction, and backscatter due to rain, and an un- 
known sensitivity of o° at high wind speeds, we reject this step at this particular 
time. A final conclusion must await additional data obtained for high sea states 
during SL4 and a better estimate of azimuth dependence of a for different wind 
speeds and both polarizations. ^ 


5. CONCLUSIONS 

It can be concluded from this data set that the use of remote sensors could be 
a useful tool in the monitoring and study of tropical cyclones. The potential for 
such sensors listed by observational category is as follows: 

1. Active microwave - Both cross-sectional as well as imaging microwave sys- 
tems can be used to map aspects of the wave field of a hurricane. High frequency 
systems, such as the SKVLAB RADSCAT, may have reduced utility in areas of heavy 
rain, while low frequency imaging systems will be limited primarily by the required 
high data rates. 

2. Passive microwave - Aircraft and satellite measurements at 1.4, 8.35, 14, 
and 19.5 GHz show the higher frequencies to be capable of determining liquid mois- 
ture budget while the lower frequencies could be useful for determining the atmos- 
phere-ocean energy exchange budget because of a sensitivity to energy loss occur- 
ring through tl ^ wave spectrum. However, because of diminished sensitivity at 1.4 
GHz, a frequ; y somewhat higher, but less than 6 GHz, would be more appropriate. 

3. Visible: 

a. Satellites - Visible region imagery has been extremely useful in posi- 
tioning the hurricane, calculating its forward velocity, and estimating the degree 
of asymmetry of the hurricane. 

b. Coherent - Red laser light can be used with good results from low 
aircraft altitudes to profile surface waves despite heavy rain and spray, and the 
wave measurements can be used to bound the role of nomentum transport to the ocean. 

e. Photographic - Observations of whitecap density, which is related to 
momentum transfer and the wave spectrum, can be obtained. Thin foam streak direc- 
tion relative to the eye of the hurricane could give an estimate of inflow angle of 
the surface winds. 
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TABLE I. MOAA C130 AIRCRAFT INSTRUMENTATION 
Parameter Instrument Accurac’ 


Wind Speed/Direction LTN-5I 

Inertial Navigation System 

8aa Surface Tempera- Barnes PRT-5 

ture 

Microwave Emiasivity 1.4, 8.5, 14 GHz Radiometers 

Wave Heights and Laser Altimeter 

Lengths 

Wave Length and Coherent Radar 1.35 GHz 

Direction 

White Caps and Foeun 35 mm Vertical Camera 

Liquid Water Content Johnson Williams Hot-Wire 


- 2.0 lets 

± 1.0®C 
i 1.0®K 

- 1% or 3“ 

i 10% 

- 20% of Observation 
* 15% 


TABLE 11. SUMMARY OF SATELLITES USED TO STUDY HURRICANE AVA 



Satellite 

Imagery Type 

Microwave Data 

Use 

1. 

ATS 

Visible 

— 

Positioning, Cloud cover 

2. 

HIMBUS-5 

Microwave 

19.5 GHz 

Positioning, Rainfall rate 

■V. 

3. 

NOAA-2 

Visible 

HH, W 

Positioning, Asymmetry 



Infrared 

— 

Cloud Cover 

4 ; 

♦ 

SKYLAB 

Photography 

13.5 GHz 

Surface Winds 

i 

• 5 , 

DPP 

Visible 

HH, W 
EV, VH 

Rainfall Distributions 
Positioning, Cloud cover. 

t 

• 

Infrared 


Asymmetry 
Cloud Heights 



7 


I 


1 


XII. SUMMMiy OF SXTCXXXTE OBSERVATIONS 


smriAB 

TiM 

VZKBUS-S 
19. S CHS 

<®K) 

Rain- 

fall 

(ma/hr) 

S193 

(®K) 

S193 

Tw 

(®K) 

S193o 

Oyv 

(db) 

Sl93o 

ORH 

(db) 

(kts) 

•o 

(De^.) 

Jtala- 

tiv« 

Aai- 

B»th 

(U*9.) 

Oyv® 

Cor- 

r«e 

tion 

(db) 

S193 
Inci- 
dence 
Angle 
(Deg. ) 

lBS7tlS 

X70 

2 

121 

173 

-14 

-19 

36 

90 . 

ISO 

>2 . 

52.5 

lS57t30 

X70 

2 

124 

174 

-14 

-20 

42 

90 

ISO 

42 

52.5 

ltS7t45 

193 

2S 

145 

111 

-13 

-16 

41 

120 

120 

44 

52.5 

ISSttOO 

193 

25 

152 

119 

-14 

-IS 

40 

160 

•0 

43 

52.5 

XtStsU 

200 

$0 

216 

233 

-13 

-13 

39 

160 

•0 

43 

52.5 

mis 31 

XIO 

S 

135 

115 

-17 

-19 


160. 

•0 

43 

52.5 

XB57tli 

X70 

2 

X22 

111 

-14 

-17 

32 

90 

ISO 

42 

45.0 

XIS7i34 

X70 

2 

X22 

161 

-14.5 

-19 

36 

90 

150 

42 

45.0 

XI57t49 

170 

2 

X40 

17$ 

-15 

-16 

36 

110 

130 

43 

45.0 

XI5lt04 

17$ 

3 

136 

171 

-13 

-16 

37 

140 

XOO 

45 

45.0 

XlSItXO 

112 

S 

X2I 

165 

-14.5 

-XI 

36 

120 

120 

44 

45.0 

XBSItXS 

XIO 

S 

X32 

X69 . 

-11.5 

-21 

21 

100’ 

100 

45 

45.0 
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rieORE 1. NOAA RESEARCH FLIGHT FACILITY C130 AIRCRAFT SHOWING 1.4 GHZ 
PASSIVE RADIOMETER IN THE VERTICAL INCIDENCE FLIGHT POSITION. 
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rXGDKE 2 . NOAA-2 VISIBLE BE6X0N VIEW OF 
FACXrXC RORRICANE AVA OH « JUNE 1973. 
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SAMPLE NO. X 10* 

PXCURE 4. LASER MEASUREMENTS OF SURFACE KAVE CONDITIONS NEAR THE CENTER OF PACIFIC 
HURRICANE AVA. Flight level winds averaged for 1 minute were 65 kts* 


T’'r 


A r ('V rip 





ASQNU |FT*.SEC| 



1300- 

1200 - 

1100 - 

1000 - 

900- 

800- 

700- 

600- 

500- 

400- 

300- 

200 - 

100 - 


> 

I 

II 
II 
M 
II 
II 
il 
1 1 
I I 
I I 
I I 
I 

I I 
I I 
I I 
I V 


NORTH SEA 

^$•25.82 Ft 

AVA 

-27.00 Ft 


{ 

j 


t 

k 



M 


12 24 


36 


I I I I I I III 

46 60 72 84 96 

DISTANCE FROM EYE (amij 



I I I I I 

120 132 144 


rZCORE 6. RADIAL PROriLE OF WIND SPEED AND SIGNI'.'^ NT 
NAVE HEIGHT FOR PACIFIC HURRICANE AVA. 
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FIGURE 7. L-BAND VERTICALLY PCLARI2ED BRIGHTNESS TEMPERATURES 
FOR HURRICANE AVA AND LOW HIND CONDITIONS OF 11 JUNE. 
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riGURE 8. TWO-DIMEIJS ZONAL FOURIER ANALYSIS OF COHERENT RADAR IMAGERY AND 
VERTICAL PHOTOGRAPHY OF HURRICANE AVA GENERATED WAVES COMPARED 
TO A COMPOSITE OF LASER WAVE MEASUREMENTS AT 13°N, 106°W 
AND FOR A FULLY DEVELOPED 11 M/S WIND SPEED. 
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FZGORE 10. ACTIVE AND PASSIVE MICR(H«AVE OBSERVA- 
TIONS OF WIND FZEU> IN HORRICANE AVA. 
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